We report a new method for electrodeposition of device-quality metal chalcogenide semiconductor thin films and nanostructures from a single, highly tuneable, non-aqueous electrolyte. This method opens up the prospect of electrochemical preparation of a wide range of functional semiconducting metal chalcogenide alloys that have applications in various nano-technology areas, ranging from the electronics industry to thermoelectric devices and photovoltaic materials. The functional operation of the new method is demonstrated by means of its application to deposit the technologically important ternary Ge/Sb/Te alloy, GST-225, for fabrication of nanostructured phase change memory (PCM) devices and the quality of the material is confirmed by phase cycling via electrical pulsed switching of both the nano-cells and thin films.
Introduction
Semiconducting metal chalcogenides represent an exciting class of tuneable band gap materials which are increasingly demonstrating potential in a diversity of micro-and nano-electronic applications, particularly related to renewable energy, 1-3 solid state memory 4 and in complex 3D metamaterials. 5 In this paper we show that nonaqueous electrodeposition is capable of device-quality deposition, comparable with state-of-the-art, with the additional advantages inherent to electrodeposition, such as high aspect ratio filling, 3D deposition, and highly efficient material use.
Common methods to deposit metal chalcogenides for device applications use physical vapour deposition (PVD), chemical vapour deposition (CVD) or atomic layer deposition (ALD). [6] [7] [8] [9] [10] These allow growth of ternary alloys of device quality. However, while these 'top-down' deposition methods are widely used for growing thin metallic and semiconducting films, PVD and CVD, in particular, are not suitable for filling high aspect ratio vias in structures that may be the basis of future devices, such as solid-state memory cells. 9, 10 ALD is effective here, however it suffers from inherently slow deposition rates.
Electrodeposition offers several potentially significant advantages for growth of semiconductor alloys. It is a faster and much lower cost alternative to the vapour deposition techniques as it does not require ultra-high vacuum (UHV) equipment or high temperatures.
Importantly, as a 'bottom-up' growth method, it can be used to fill lithographically nanopatterned substrates and 3-dimensional nanostructures selectively. [11] [12] [13] [14] [15] Thus electrodeposition is an extremely attractive prospect for the production of nano-structured metal chalcogenides and the creation of nanoscale devices. 
Conceptual insights
Semiconducting metal chalcogenides are of increasing importance for emerging micro-and nano-electronic applications in renewable energy, solid state memory and 3D metamaterials. However, the demand for smaller, higher performance, more energy-efficient electronics, is pushing conventional materials deposition and device fabrication methods to their intrinsic limits. 'Top-down' vapour deposition methods are not suitable for filling high aspect-ratio vias in structures that may be the basis of future devices. Electrodeposition offers several potentially significant advantages: it is a faster and much lower cost alternative to vapour deposition, and as a 'bottom-up' growth method, it can fill 2D and 3D nanostructures selectively. Electrodeposition is therefore an extremely attractive prospect for the production of nano-structured materials and devices. To demonstrate the enormous potential of electrodeposition for metal chalcogenide growth, we selected the ternary alloy, GST-225 (Ge 2 Sb 2 Te 5 ) -one of the most challenging chalcogenide materials, and widely regarded to be the most promising candidate to scale non-volatile memory beyond the Flash memory architecture. We describe here the deposition of functional GST-225 from a single, non-aqueous electrolyte (containing custom-made reagents for the three elements), demonstrating fine compositional control, creation of high density nanocells (o100 nm), extremely well-controlled electrical functionality, and repeated cycling between the amorphous and crystalline phases.
Electrodeposition from both aqueous solution and ionic liquids [15] [16] [17] has been used for a range of semiconductor materials, but the deposition of metal chalcogenides is not straightforward, especially when requiring both the incorporation of germanium, which is challenging by electrodeposition, as well as control over the composition and quality of binary or ternary material. To illustrate the feasibility of non-aqueous electrodeposition from an appropriately designed system to address these problems, we report the electrodeposition and characterisation of the most important functional phase change memory (PCM) material, formed of germanium, antimony and tellurium, Ge 2 Sb 2 Te 5 (GST-225).
Phase change memory is one of the more challenging applications of semiconducting metal chalcogenides as it requires ternary alloys, high density cells (sub 100 nm pattern), and extremely well-controlled electrical functionality, with cycling between the amorphous and crystalline phases. PCM is a non-volatile memory type that works on the principle of probing the resistivity of the memory material, which is either amorphous or crystalline, by means of an electrical pulse. Rewriting of the memory bits is achieved by either re-crystallising an amorphous cell with a medium-amplitude voltage SET pulse or re-amorphising a crystalline cell with a high-amplitude voltage RESET pulse (cycling). [6] [7] [8] [9] Materials required for PCM applications are characterised by their high contrast between the resistances of the crystalline and amorphous phases, very fast phase transition speeds (tens of nanoseconds) and high stabilities. Chalcogenidebased PCM materials are among the most promising candidates to scale non-volatile memory beyond the Flash memory architecture, [6] [7] [8] [9] with the ternary Ge 2 Sb 2 Te 5 (GST-225) the most widely used.
Electrodeposition is an extremely attractive prospect for the creation of individual memory cell devices on the scale of tens of nm in all dimensions, which, depending upon the nature of the template, can be well-insulated from one-another, therefore eliminating thermal 'cross-talk' between memory cells. This would contribute strongly to both reducing the power demands for switching and increasing the cycling lifetime. 18, 19 Some notable successes have been achieved by using a combined CVD and ALD system, leading to deposition of GST-225 into ca. 120 nm diameter pores (length = 2500 nm), although electrical cycling was not demonstrated. 20, 21 Stickney and co-workers have also described electrochemical ALD as an alternative, solutionbased flow method for the deposition of GST 22,23 by sequential electrodeposition of monolayers of each element from aqueous solutions using underpotential deposition. This method allows filling of 3D structured electrode substrates, although the layerby-layer deposition is inherently slow. 23 Electrical characterisation was performed to demonstrate basic phase change memory functionality.
Results and discussion
The electrodeposition of Ge x Sb y Te z alloys from a single electrolyte presents several significant challenges. The process is characterised by various degrees of freedom, caused by the distinct electrochemical properties of the individual elements, the interactions between the various precursor species present to deliver the elements, the effect of the supporting electrolyte on the solution speciation, as well as the interactions between the electrolyte species and the substrate. Moreover, functional PCM devices place significant demands on the material quality, to achieve the purity and uniformity necessary for stable phase change performance. However, if it can be achieved, electrodeposition from a single electrolyte has the added advantages of allowing fast, high-throughput characterisation of the phase diagram either via multiple experiments, or in a single experiment by applying a non-uniform voltage across the sample.
We have previously developed a non-aqueous electrolyte system that allows electrodeposition of a range of individual p-block elements from tetrabutylammonium chlorometallate precursors onto planar electrodes. 24, 25 The benefits of using these particular precursors are their high solubility in (non-coordinating) CH 2 Cl 2 and their accessible reduction potentials. We now demonstrate that they are also mutually compatible in solution, therefore allowing the preparation of electrolyte baths from a very wide range of precursor ratios.
In order to successfully electrodeposit the ternary GST-225 with compositional control and high quality, it is necessary to prepare a suitable chlorogermanate salt. [ Fig. 1a shows overlaid cyclic voltammograms for the individual precursors. The labelled peaks correspond to the potentials for reduction of the chlorometallate anions to the elements. The [SbCl 4 ] À is reduced most easily (À0.74 V), followed by the [TeCl 6 ] 2À (À1.15 V); however, the onset of the [TeCl 6 ] 2À reduction is more anodic than the [SbCl 4 ] À reduction due to a difference in the nucleation overpotential, and tellurium can be readily deposited at potentials as positive as À0.5 V. The voltammograms for the [GeCl 5 ] À system show two peaks. The first corresponds to the reduction of Ge IV to Ge II , [26] [27] [28] [29] [30] while reduction to Ge 0 only occurs at À1.52 V, significantly more cathodic than for the other elements.
A cyclic voltammogram representative of the optimised electrolyte required for the deposition of smooth Ge 2 Sb 2 Te 5 thin films is shown ( Fig. 1b The two peaks at approximately À0.44 and À0.97 V and the shoulder at À1.61 V can be associated with the reduction peaks for the individual Sb, Te and Ge reagents, respectively. In order to ensure the electrodeposition of Ge 2 Sb 2 Te 5 , the experiments were performed potentiostatically at À1.75 V.
The composition of the as-deposited GST can be tuned by adjusting the concentration of the chlorometallate precursors in the electrolyte. This is exemplified in Fig. 1c , which represents average energy dispersive X-ray (EDX) compositions obtained on approximately 2 mm thick films deposited at À1.75 V in electrolytes with increasing [SbCl 4 ] À concentration. The thickness of the deposited films was controlled approximately via the charge passed (see ESI †); due to the difference in the number of electrons necessary for the reduction of the various ions, approximations were made and the elemental ratio for GST-225 was taken into account. In order to obtain the required film composition, the electrolyte formulation was re-adjusted when conditions, such as the overall electrolyte concentration or the deposition potential were changed. Importantly, the film composition was reproducible from a specific electrolyte.
A cross-sectional scanning electron microscopy (SEM) image of a GST-225 thin film deposited at À1.75 V for 110 seconds (Fig. 2a) shows that the film has uniform thickness (B100 nm).
The crystallisation of the as-deposited ternary film was studied in situ by thin film X-ray diffraction on a hot-stage under an inert (N 2 ) atmosphere. Fig. 2b shows a selection of XRD patterns (in the range 2y = 26-321) as a function of increasing temperature, together with an annealing map generated from the hot-stage XRD experiments. The initial (as-deposited) film shows only some crystalline tellurium; the germanium and antimony are presumed to be amorphous. Upon annealing, a phase change begins at around 150 1C, which is completed at around 300 1C with the disappearance of the tellurium peak and the gradual appearance of a peak corresponding to the trigonal (stable) phase of GST (2y = 281) ( Fig. 2c) . 31 Repeating the annealing with prolonged periods at intermediate temperatures did not affect the XRD patterns, indicating a temperature-limited rather than Fig. 1 (a) Cyclic voltammograms of the individual precursors and (b) the combined electrolyte recorded on glassy carbon. The grey traces show the electrochemical signal for the supporting electrolyte. For the precursor voltammetry in (a) the peak potentials of the reduction reactions are labelled with Ge (À1.52 V), Te (À1.15 V) and Sb (À0.74 V). All voltammograms were recorded with 1 Â 10 À2 mol dm À3 of the precursor in 0.1 mol dm À3 [N n Bu 4 ]Cl in CH 2 Cl 2 . The combined electrolyte for the Ge 2 Sb 2 Te 5 preparation in (b) contained (1 : 1 : 2) Â 10 À3 mol dm À3 Ge : Sb : Te, the three observed waves are associated with the three precursors; (c) a composition triangle for varying Sb precursor concentrations and the corresponding compositions obtained for 2 mm thick films (coloured circles), the concentrations of the Ge and Te precursors were 1 mM and 2 mM, respectively. The pink star indicates the position of stoichiometric Ge 2 Sb 2 Te 5 . time-limited regime for this thermal annealing process. There is limited understanding of the actual crystallisation mechanism for these materials, and at the nanoscale film thickness has been shown to affect annealing behaviour. 32 A major advantage of electrodeposition as a materials processing method is that it is a 'bottom-up' deposition process, allowing for the accurate filling of nanostructured substrates (electrodes). To demonstrate the suitability of this system for the deposition of GST into isolated nanocells, patterned electrodes with hole-sizes of 50 and 100 nm were prepared by e-beam lithography. These substrates were then filled by deposition using the electrolyte as described above, resulting in regular arrays of GST nanocells (Fig. 3a) . Overfilling of some substrates allowed EDX element mapping ( Fig. 3b-d) .
The as-deposited GST film shows a similar Raman pattern to sputtered GST, with peaks positioned at 124 cm À1 and 142 cm À1 , respectively as shown in Fig. 4a and b . The peak at 124 cm À1 can be attributed to the A 1 mode of GeTe (4Àn) Ge n (n = 1, 2) corner-sharing tetrahedra. [33] [34] [35] The 142 cm À1 peak, on the other hand, is believed to originate from the Sb-Te vibrations in SbTe 3 units or from defective octahedral coordination of Sb atoms. 35, 36 The same peaks were observed from the GST in a single nanocell ( Fig. 4b ), suggesting that the composition of the GST remains the same on the nanoscale. EDX analysis (Fig. 4c ) confirms that the composition of the film is very close to that expected for GST-225.
Diffraction patterns over a wider 2y range (20-801) for the thermally annealed thin films and for GST in 100 nm diameter e-beam patterned nanoarrays are shown in Fig. 5a and b . The deposited features are extremely uniform across the electrode, even for arrays with different cell densities (Fig. 5c ).
The electrical memory switching properties of the electrodeposited GST thin films were investigated by fabricating vertical memory devices with TiN contacts on top of the GST film (Fig. 6a) . The switching behaviour observed was reproducible for a large number of different devices. The I-V characteristics of a pristine GST memory device (Fig. 6b ) display a high initial resistance (R ca. 8 MO), proving that the as-deposited GST is in the amorphous state. The high resistance remains until the voltage increases to the threshold value (ca. 3.5 V), where the current suddenly increases to the compliance value. The return sweep shows linear I-V behaviour with a resistance of ca. 3 kO, consistent with the material having been switched from the amorphous state to the conductive crystalline state. The threshold behaviour for the non-pristine device was investigated after resetting the device back to the amorphous state using an electrical pulse (6 V, 200 ns). Lower threshold voltages were observed with a uniform distribution around 1.3 V, indicating that a stable programming region had been formed within the device (Fig. 6c ). The endurance performance of a cell based on an electrodeposited GST film was characterised with a set voltage pulse (V set ) of 2 V/1 ms and a reset voltage pulse (V reset ) of 6 V/200 ns (Fig. 6d) . The device displays a stable endurance (4180 cycles) without failure, and the resistance ratio of reset to set states is maintained at ca. three orders of magnitude. 6 To establish the switching properties of nanoscale GST, nanostructured substrates accurately filled with GST are required to allow memory device fabrication. A cross sectional SEM image of GST electrodeposited into 100 nm wide trenches with a deposition time of 5 s shows some over-filling (Fig. 7a) , however, complete filling (without overfilling) can be achieved when the deposition time was reduced to just 2 s (Fig. 7b ). Memory cells based on the nano-structured GST were fabricated as illustrated in Fig. 7c. Fig. 7d illustrates programming erase cycles of a 100 nm GST memory cell switched between high-and low-resistance states repeatedly.
The device set operation here was performed by DC sweeping (3 V), and the reset operation was accomplished with a 7 V, 200 ns pulse. The electrical switching of the GST memory cells indicates that the GST material electrodeposited in this work retains good phase change properties even at the 100 nm scale. Therefore, this method proves to be capable of producing high quality materials which display electrical switching properties comparable to sputtered GST films, with the major added advantage that it can be used to form dense arrays of individual, insulated memory cells on the nm scale.
Conclusions
The electrodeposition of a device-quality ternary metal chalcogenide (GST-225) from a single, non-aqueous electrolyte system that provides fine control over the composition of the alloy by adjusting the electrolyte concentrations, has been demonstrated for the first time. The as-deposited GST-225 films are amorphous and exhibit annealing (crystallisation) behaviour as required for its application in solid-state memory applications. SEM, EDX, XRD, Raman and electrical switching experiments reveal that the PCM materials produced by this 'bottom up' approach are high quality, exhibiting a resistance contrast of three orders of magnitude between the amorphous and the crystalline phases, as well as very promising durability and switching lifetimes. This method is also shown to be entirely suitable for depositing the functional PCM material directly into patterned substrates, creating dense arrays of individual memory nano-cells. We have shown that highly uniform, switchable nano-structures of 50-100 nm diameter can be created over a large electrode area, providing a rapid and lowcost processing route. Switchable sub-10 nm cells are now a realistic prospect using this method.
The electrodeposition of the demanding ternary GST alloy reported here clearly points towards the capability of our method to produce other semiconductor chalcogenide alloys with precise stoichiometric control and quality suitable for incorporation into electronic, thermoelectric and optical (nano)devices. 
Experimental methods

Synthesis of precursors
Electrochemical characterisation
All electrochemical experiments and the electrolyte preparation were performed inside a glove box (Belle Technology) in order to exclude moisture and oxygen (o5 ppm). Electrolytes were prepared in anhydrous CH 2 Cl 2 (previously dried by distillation from CaH 2 ) using 0.1 mol dm À3 [N n Bu 4 ]Cl (Fluka, Z99.0%, used without further purification) as the supporting electrolyte. The characterisation of the individual precursors was performed in electrolytes containing 1 Â 10 À2 mol dm À3 of the relevant tetrabutylammonium chlorometallate. Ge 2 Sb 2 Te 5 was deposited from an electrolyte containing 1 Â 10 À3 mol dm À3 [N n Bu 4 ][GeCl 5 ], 1 Â 10 À3 mol dm À3 [N n Bu 4 ][SbCl 4 ] and 2 Â 10 À3 mol dm À3 [N n Bu 4 ] 2 [TeCl 6 ]. A Pt gauze was used as the counter electrode and for the reference electrode a home-made Ag/AgCl electrode, using 0.1 mol dm À3 [N n Bu 4 ]Cl in CH 2 Cl 2 as the reference electrode electrolyte, was used. All experiments were performed in a standard one-compartment electrochemical cell within a wire mesh Faraday cage. A microAutolab 3 potentiostat and the Autolab Nova software package were used.
Cyclic voltammetry was performed using glassy carbon working electrodes as they yielded data with less iR distortion than the TiN electrodes. 24 Electrodeposition was performed on planar TiN substrates in order to provide a technologically relevant substrate. The preparation of the planar TiN substrates was discussed previously. 24 Thin films of ca. 2 mm and 200 nm were prepared by controlling the amount of deposited material through the charge. On the 4 mm diameter electrode areas a charge of 0.5 C was passed for the 2 mm films and a charge of 0.05 C for the 200 nm films.
Film characterisation
The deposited GST films were investigated using scanning electron microscopy (SEM), energy dispersive X-ray (EDX) analysis, X-ray diffraction (XRD) and Raman spectroscopy. A Zeiss EVO LS 25 microscope equipped with an Oxford INCA x-act X-ray detector was used for the SEM and EDX analyses. High resolution SEM measurements were carried out with a field emission SEM (Jeol JSM 7500F). Films were imaged in highvacuum mode. Annealing was performed using a rapid thermal annealler (Jipelec JetFirst) in a N 2 atmosphere. XRD patterns were collected using a Rigaku SmartLab (9 kW) diffractometer (Cu-K a1 , or Cu-K a for VT experiments), in grazing incidence configuration (y 1 = 11). The temperature ramped XRD measurements were performed under a N 2 atmosphere using an Anton Parr HTK Hot Stage. Raman scattering spectra were measured at room temperature on a Renishaw InVia Micro Raman Spectrometer using a helium-neon laser with a wavelength of 633 nm. The incident laser power was adjusted to B0.1 mW to minimise heating and consequent changes in the crystalline state or oxidation of the samples. The laser beam diameter on the sample was smaller than 2 mm using a 50Â objective.
Fabrication of GST Memory Cells
To minimise current leakage a 500 nm SiO 2 insulating layer was first deposited on to a Si wafer by reactive sputtering of Si in an O 2 atmosphere. A 200 nm thick TiN film was then reactively sputtered (Ti target in a N 2 atmosphere) onto the SiO 2 layer to form the bottom electrode (see ref. 9 for more details). This was followed by reactive sputtering of a second SiO 2 layer. This layer of SiO 2 was patterned into arrays of nanostructures using e-beam lithography (JEOL 9300FS) and subsequent etching in CHF 3 and Ar (Oxford Instrument Plasmalab 80+). Both dense arrays and sparse arrays were patterned onto a single substrate for materials characterisation and electrical switching, respectively (see Fig. S5 , ESI †). The electrodeposition conditions were identical to those used in the preparation of the planar films with the exception that the thickness of the material deposited into the nanopatterned substrates was controlled by the deposition time. Both thin film devices and nanostructured memory cells were then formed by patterning TiN top electrodes. A 200 nm TiN film was reactively sputtered onto the substrate after GST electrodeposition. The top electrodes (50-100 mm in size) were then defined by photolithography and subsequent etching with Cl 2 (Oxford Instruments System 100 ICP 380).
Electrical measurements
All electrical measurements were performed with a Keithley 4200 semiconductor characterisation system. During the measurements, the programming voltage bias was applied to the top electrode, while keeping the bottom electrode grounded. The probe/point contacts to the top and bottom electrodes of the devices were realised through a pair of Wentworth probe needles, using a Wentworth laboratories AVT 702 semi-automatic prober. For electrical pulsing, two ns-pulsing measuring units (PMUs) were integrated within the same characterisation setup. The resistance of the devices after applying set or reset voltage pulses was measured at 0.1 V (DC).
